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Abstract 
Extrusion process has proved its potential in bulk metal forming process since the industrial development. The better 
product quality, mechanical property and the strength of the extruded products are the advantages in extrusion 
process. Multi-hole extrusion is used where pressure required for extrusion is in excess of press capacity. It is used 
for the production of small and precise products such as parts used in automobiles, health-care and aviation 
industries. The different process parameters affect the extrusion process and quality of the extruded products. In the 
present investigation, finite element analysis is carried out to study the effect of loaction of holes on the die, die 
pockets and the extrusion speed on the extrusion load, efective strain and the extruded product length. Extrusion 
load is found to increase with increase in extrusion speed. The die pockets help in reducing the extrusion load. The 
effective strain, which provides the information about the work hardening of the material during the extrusion 
process is dependentof the above said process parameters. The extruded product lengths become more uniform when 
die pockets are made. The selection of process parameter is based upon the required quality of the product. 
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1. Introduction 
Extrusion process has proved its potential in bulk metal forming process since the industrial development. The better 
product quality, mechanical property and the strength of the extruded products are the advantages in extrusion 
process. The demand raised by society on the extruded product quality has been putting the extrusion industries into 
pressure for the optimal selection of the process and process variables. 
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The rise in demand of different extruded products can be met by multi-hole extrusion process. In multi-hole 
extrusion process, more than one hole are located in different locations on the die. The effective extrusion ratio is 
reduced and due to which many products of same or different diameters can be obtained from same billet at lesser 
extrusion load.   Multi-hole extrusion is also used where pressure required for extrusion is in excess of press 
capacity. It is used for the production of small and precise products such as parts used in automobiles, health-care 
and aviation industries. At the beginning of the research on multi-hole extrusion, some solutions considering the 
unsymmetrical dies were found out also used to analyse the problems of multi-hole die extrusion [1].  Multi-hole 
extrusion with four different materials: pure lead, tellurium lead, pure tin and super pure aluminium was carried out 
with dies containing one, two, three and four holes arranged in different fashion and extrusion load was found to be 
dependent on total reduction and the positions of the holes [2]. The extrusion die design for manufacturing of 
complex profile was mainly built upon the experience and experiments.  
The product profile, quality and low power consumption became the key factors for extrusion industries. 
The importance of the different process parameters in multi-hole extrusion was realized and studies on these issues 
were started. The optimal position of die openings and determination of die land lengths were typical problems in 
multi-hole die extrusion and experiments with multi-hole die having two die openings and different die land length 
were carried out [3]. The comparison of experimental results with the results obtained from 2D upper-bound 
analysis states that the die land length affects the shape of the extruded products (curved or straight) as well as  the 
velocities of the extruded products are sensitive to die opening positions and die land length. The authors also 
presented simple expressions to obtain the extrusion pressure, the exit angles and velocities of the emerging 
products. The expressions are the functions of the dependent process parameters such as eccentricity of the holes, 
the distance between the holes, the friction factor, ram position and extrusion ratio.   
 
The flow pattern of metal in extrusion process is complex. The flow is asymmetrical and depends on the 
distribution of the holes. The mechanical properties of the extruded products, the extrusion pressure and the surface 
finish of the extruded products are related to the flow pattern. An experimental study on flow pattern in multi-hole 
extrusion was carried with one-hole, two-hole and three-hole dies. The flow pattern was studied by doing macro-
etching of partially extruded billet. The recrystallized grain size was found to be smaller at the surface than that at 
centre of the extruded products.  However, no significant difference in grain sizes at the centre of the extruded 
products that were extruded from different holes was observed [4, 5]. A methodology for preliminary design of the 
multi-hole extrusion process was developed and the ram force was estimated by using upper bound method 
considering the process as single-hole extrusion. The overestimated ram force helps in safer design of die and ram. 
The die pressure distribution was calculated using slab method. Experiments were carried out with single and multi-
hole dies. It was observed that the ram force calculated using the upper bound method is about 25% higher than the 
experimental results.  The ram force obtained for multi-hole extrusion was also found to be less compared to single-
hole extrusion process.  From the experiments it was observed that the material encounters more resistance to flow 
through the central hole than through the holes away from the centre, which leads to the difference in length of the 
extruded products [6].  
In extrusion process, die pocket is another important process parameter which balances the material flow 
and thus by produces better quality products. In recent years, pocket dies are in use instead of flat dies. Die pocket 
shape, design and location decide the flow behaviour. In multi-hole extrusion, pockets have been used to control 
metal flow. The pocket design includes the pocket dimensions, geometry and volume. The experimental study as 
well as the finite element studies has been carried out to study the effect die pockets on the quality of the products 
and it was observed that more number of pocket steps reduces the difference between product lengths. The increase 
in number of steps in pockets helps in reducing the peak extrusion pressure. The good correlation between 
experimental and finite element simulation results was obtained [7]. 
The literature reveals that the effects of different process parameters in the combined form affect the 
quality of the product in terms mechanical properties and the length of the extruded products. The effect of the 
extrusion speed on the quality of the extruded products is not properly investigated. In the present investigation, 
finite element analysis has been carried out to study the effect of location of holes, the die pockets and the extrusion 
speed on the extrusion load and effective strain of the extruded products. 
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2. Finite Element Analysis 
     
It has been widely accepted that finite element method (FEM) is a powerful numerical tool for design and analysis 
of metal forming processes. Simulations of manufacturing processes reduce the need of costly shop floor trials and 
redesign of tooling and accessories. Finite element methods for simulations of metal forming processes are classified 
into elastic-plastic and rigid plastic simulations. In the elastic-plastic simulation, material is modelled as elastic-
plastically deforming. Rigid plastic simulation assumes material to deform only plastically. In comparison to elastic-
plastic simulations, it takes shorter computational time. In the present work finite element simulations have been 
carried out using DEFORM–3D® (Version 10.1) developed by Scientific Forming Technologies Corporation 
(SFTC). DEFORM is a finite element method (FEM) based simulation software designed for various forming 
processes. It is used by metal forming industries and research organizations. DEFORM–3D® is capable of modelling 
complex three dimensional material flow patterns and ideal for those processes that can not be modelled with two 
dimensional analyses.  
The 3D models of the container with die, punch and billet material were modeled in NX 3 Unigraphics®, 
advanced CAD/CAM/CAE software developed by Siemens PLM Software. The stereolithography (STL) files of the 
models were transferred to finite element program DEFORM to establish the finite element mesh. The STL files 
describe only the surface geometry of a three dimensional object without any representation of color, texture or 
other common CAD model attributes. The following assumptions were made for the analysis. The container and 
dies were considered as rigid bodies. The lead billet was considered as a rigid plastic material. DEFORM provides 
different methods of defining the flow stress. For the present simulations, the power law has been used which can be 
defined as:  
    nKV H        (1) 
where   is the flow stress of the material, K is the material constant,   is the effective plastic strain and  n is the strain 
exponent. The compression test of the lead specimen was carried out in a universal testing machine to find out 
stress-strain relationship. From the compression test, the following values are obtained and used for the present 
simulations, material constant, K is 54.59 MPa, strain exponent, n is 0.23. Friction factor m is taken 0.3 at all the 
interfaces. To determine the friction factor the method followed is explained as follows. Extrusion experiments are 
carried out with two billets of different lengths. Then the friction factor, m is calculated as reference to [8]. The 
billet material follows von Mises yield criteria and strain hardening is assumed to be isotropic. Tetrahedral mesh 
with 19941 elements and 4137 nodes is used to uniformly discretize the billet material. Although the setting of mesh 
density at the deformation zone can be altered according to the strain and strain rate distribution, in the present work 
uniform mesh density is considered for simplicity. A constant incremental punch displacement of 0.3 mm is 
imposed during the simulation process. For studying the effect of extrusion speed on the extrusion load and the 
quality of the product, different extrusion speeds 0.05, 1, 2, 3, 4 and 5 mm/min are considered. The billet material 
used in the present investigation is lead, which is a high strain sensitive material still it is used a model material to 
understand the basics of forming process.  
Figure 1 shows the extrusion set up model. The die used for the simulation is with 5 hole (one hole at the 
centre and other four holes are located at a pitch circle diameter of 10 mm). The diameter of all holes is kept 2 mm. 
The die land length is initially of 10 mm. The die pockets having the geometry of diameter 4 mm and depth of 1 mm 
and 2 mm are produced at the entry side of the die. As reported earlier [9], the optimum pocket depth exists for 
minimum extrusion load for the same die design. 
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(a) 5 hole die without die pocket (b) 5 hole die with die pocket depth 
1mm 
(c) 5 hole die with die pocket depth 
2 mm 
Fig. 1. Multi-hole die (5 hole) set up with and without die pockets 
 
As the commercially available lead alloy is highly strain sensitive material, the extrusion load depends on 
the extrusion speed. The extrude product quality, i.e. the effective strain induced on the product, the bending of the 
products depends on the extrusion speed, the die land length and the die pockets (if produced on the die). In the 
present finite element analysis, the effect of extrusion speed and the die pockets on the extrusion load and the 




(a) 5 hole die without die 
pocket 
(b) 5 hole die with die pocket 
depth 1mm 
(c) 5 hole die with die pocket 
depth 2 mm 
Fig.2. Extruded products for 5-hole dies with and without die pockets 
 
3. Results and discussion 
 
3.1. Extrusion Load 
The finite element simulation of the multi-hole extrusion with 5-hole die with and without die pockets are carried 
out at different extrusion speeds 0.05, 1, 2, 3, 4 and 5 mm/min. At lowest extrusion speed (0.05 mm/min) the effect 
of strain rate is not there as it is very close to the strain rate of 10-3 s-1. For ease of presenting the results, the 
extrusion with three different dies are considered as Case I, Case II and Case III. Case I indicates location of 5 holes 
at pitch circle diameter of 10 mm without die pockets, Case II indicates the location of 5 holes at pitch circle 
diameter of 10 mm with die pockets of 1 mm depth and Case II indicates location of 5 holes at pitch circle diameter 
of 10 mm with die pocket of 2 mm. Table 1shows extrusion laod obtained in extrusion with different dies at 
different extrusion speed. 
Table 1. Comparison of extrusion load 
Extrusion speed (mm/min) Extrusion load (kN) 
Case I Case II Case III 
0.05 126.2 102.3 95.4 
1 135.7 104.8 100.3 
2 137.1 107.3 102.1 
3 138.8 109.6 103.6 
4 138.4 108.3 103.3 
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It is observed that the extrusion increases with increase in extrusion speed which is due to the work hardening of the 
work material during the extrusion. The amount of work hardening of the work material depends on the type of die 
used (flat die, conical die or some other profile). In the present case the die is of flat type. In case of single hole 
extrusion, the effect of either die profile or the extrusion process parameter such as extrusion speed can be easily 
understood as compared to multi-hole extrusion. The unbalanced material flow through the different holes located at 
different position on the die leads to produce different length of the extruded products. This also indicates that the 
amounts of strain hardening on the extruded products are different and this is a reason of increase in extrusion load. 
The die pockets helps in easy flow of material during extrusion. Literatures reveal that the die pocket geometry is 
very important in varying the extrusion load. When the material flows into the pocket of different geometry 
subsequently flows into the die land region of the die. In single hole extrusion, the combined effect of die pocket and 
die land length can be simplified, but in case of multi-hole extrusion, the effect will be different in different holes. 
This results in variation in extrusion load before reaching a steady state condition in extrusion. 
It can also be observed that with increase in extrusion speed, the amount of increase in extrusion load is 
comparatively less for the dies having die pockets of larger depth. This is due to ease of material flow into the die 
pocket and then into the die land region. The amount of ironing takes place to the extruded products is less due to 
the decrease in die land length when the die pocket is made at the entry side. However the extrusion load starts 
increasing due to further increase in die pocket depth as another extrusion process starts and some dead metal zone 
is formed inside the pocket. Therefore it is very important to select and proper pocket design for minimizing the 
extrusion load. 
3.2. Effective strain 
Study of the effective or von Mises strain and its evolution during extrusion process provides the in depth 
information about the work hardening behavior or the extent of deformation of the deformable billet material. More 
the effective strain, the more is the deformation.  In the present study, the effective strains of the extruded products 

















Fig.3. Effective strain distribution for case III (5-hole die with die pocket depth 2 mm) 
 
It is observed that, the effective strain starts decreasing towards the free end of the extruded products. The effect 
of ironing effect starts diminishing as the extruded products comes out from the die land region. But high effective 
strain is recommended for obtaining a better quality product. To represent the effective strain developed at different 
region, a picture of finite element simulation picture for the extrusion case III is shown in fig.3.  
 
















Fig.4. The maximum effective strain obtained during extrusion with different dies at different extrusion speed 
 
The die pockets allow smooth flow of the material into the die land region and this result in decrease in the 
effective strain on the extruded products. Figure 4 indicates the trend of effective strain change due to change in 
extrusion speed. It is evident that the increase in extrusion speed helps the extruded parts to get work hardened more 
and due to this, the effective strain of the products increases. At low extrusion speed such as 0.05 to 3 mm/min, the 
decreasing trend is observed. From the finite element simulations it is observed that the effective strain developed 
with different extruded products coming out from different holes varies. This may be again due to the non uniform 
material flow. This can be overcome with proper design of the die pockets and die land region. 
 
3.3. Extruded product length 
The multi-hole extrusion helps in providing same dimension products from a single billet. As stated in earlier 



















Fig. 5. Variation in extruded product length with extrusion speed 
 
Figure 5 shows that the variation in extruded product length exists in multi-hole extrusion peocess. In finite element 
simulation, atfer the steady state condition is achieved during the extrusion peocess, the legth of the five ectruded 
products coming out from the five holes are measured after 10 mm punch displacement. It is the fact that some 
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amount of work material remains in the procket portion of the die. In real, the extruded part is of concern. So the 
measurement of the extruded product length is carried out for the products leaving the die. The variation in the 
product length is minimum for all types of dies in the extrusion at higher speed. Higher extrusion speed allows the 
work material to flow faster in the die pockets as well as along the die land region. The proper selection of the 
parameters can further mnimize the variation in the product lengths.  
 
4. Conclusion   
Finite element analysis is carried out to study the effect of loaction of holes on the die, die pockets and the extrusion 
speed on the extrusion load, efective strain and the extruded product length. Extrusion load is found to increase with 
increase in extrusion speed. The die pockets help in reducing the extrusion load. The effective strain, which provides 
the information about the work hardening of the material during the extrusion process is dependentof the above said 
process parameters. The extruded product lengths become more uniform when die pockets are made. The selection 
of process parameter is based upon the required quality of the product. 
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